Abstract We used the Cornwall, Jackiw and Tomboulis (CJT) resummation scheme to study nuclear matter. In the CJT formalism the meson propagators are treated as the bare propagators and the the higher order loop corrections of the thermodynamic potential are evaluated at the Hartree approximation, while the vacuum fluctuations are ignored. Under these treatments in the CJT formalism we derived exact mean-field theory (MFT) results for the nuclear matter. The results are thermodynamically consistent, and our study indicates that the MFT result is the lowest order resummation result in the CJT resummation scheme. The relation between CJT formalism and MFT is clearly presented through the calculations.
Introduction
In studying nuclear matter, an important approach is relativistic mean-field theory (RMFT). Based on quantum hadrodynamics (QHD) and mean-field theory (MFT), nuclear matter and many nuclear phenomena can be well studied using this approach [1∼3] . The idea of MFT is that at a high enough nuclear density, fluctuations of the meson fields can be ignored, and the meson fields could be replaced by their classical expectation values or mean fields [1] . In a renormalizable field theory, through a Green's function formalism, one can get relativistic Hartree approximation (RHA) by self-consistently summing all the tadpole graphs in the baryon self-energy [4, 5] . It turns out that the RHA is equivalent to MFT plus additional vacuum fluctuation corrections. If one wishes to go beyond MFT, higher order loop contributions should be considered [6] . However, self-consistency is very important when taking resummations over these higher loop contributions, and keeping self-consistency is not an easy task [7] . Years ago, BAYM studied the self-consistency for a many-body system from a Green's function formalism in a nonrelativistic frame [8] . After that, CORNWALL, JACKIW and TOMBOULIS (CJT) proposed an effective action formalism for composite operators in a relativistic field theory [9] . The effective potential in this formalism can be calculated to higher orders by selfconsistently resumming all the two-particle irreducible vacuum graphs. The effective potential depends on the full propagators of the fields, and the self-consistency needs the effective potential to be minimized to these full propagators, which is called a stationary condition. The CJT formalism was originally written at zero temperature. Then it was extended at finite temperature by AMELINO-CAMELIA and PI, where it was used for investigations into the effective potential of the λϕ 4 and gauge theories [10, 11] . For a thermodynamic system, the effective potential can be identified as thermodynamic potential and can be used to study the thermodynamic properties of a system. In our previous work, we applied CJT formalism to study nuclear matter [12] . It was found that when the self-consistency in the CJT formalism is maintained in the calculation, the thermodynamic consistency will be preserved accordingly. In studying nuclear matter at certain approximations, the results from the CJT formalism are found to be very consistent with those of the RMFT. This indicates that certain relations exist between the CJT formalism and the RMFT. In this work we illustrate how the CJT formalism relates to the RMFT. Under certain considerations we show that through CJT formalism one can derive exact MFT results and that the calculation is thermodynamically consistent.
The organization of the paper is as follows. In section 2, based on a QHD model, we make a brief introduction to MFT in studying nuclear matter. In section 3 we formulate the CJT formalism through the QHD model. Under certain considerations, exact MFT results are derived through the CJT formalism. The last section comprises a summary and discussion.
QHD model-based MFT
We start with the QHD-I Lagrangian, which can be written as
where ψ, σ and ω are the fields of the nucleon, sigma meson and omega meson, respectively, and
According to finite-temperature field theory [13] , the partition function of this thermal system is:
(2) Note that µ is the chemical potential of nucleons associated with the baryon number for isospin symmetric matter µ p = µ n = µ. According to the MFT, the meson fields are replaced by their classical expectation values, which means
The argument of the exponential in Eq. (2) is thus approximated by Completing the integration in the partition function Z, together with the thermodynamic function Ω = −T lnZ, we obtain the thermodynamic potential [13] 
in which E * = p 2 + m * 2 N and β is the inverse temperature. σ and ω 0 can be determined using the Gibbs relation for thermodynamic equilibrium. Here, if we allow σ and ω 0 to vary, the equilibrium will be attained when Ω is a minimum. That means
Thus we have
The self-consistent Eqs. (7) and (8) can also be derived by the Lagrangian equations of the σ and ω fields through the many-body theory [1] . We derive this through the finite-temperature field theory, from which one can clearly see that thermodynamic consistency is well preserved in the MFT.
CJT formalism and the derivations of the exact MFT results
From the QHD Lagrangian (1), we can write down the free propagators of the nucleon, sigma meson and omega meson, respectively, as
We will use the imaginary-time formalism to compute the quantities at finite temperature [13] . Our notation is
where β is the inverse temperature. We have ω n = 2nπT for the boson and ω n = (2n + 1)πT for the fermion, where n = 0, ±1, ±2, ... is the Matsubara frequency. A baryon chemical potential, µ, can be introduced by replacing p 0 = iω n with p 0 = iω n + µ in the nucleon propagator. According to the CJT formalism [9] , the expansion of the effective potential or the thermodynamic potential of the nuclear matter can be written as
where G, ∆ and D are the full propagators of the nucleon, σ meson and ω meson, respectively. These full propagators are determined by the stationary condition
In the original CJT formalism, Ω 2 (G, ∆, D) in Eq. (11) is the higher order contribution, which is given by all the two-particle irreducible vacuum graphs with all the propagators treated as the full propagators. However, in our study, in order to derive the MFT results, we treat the meson propagators as the bare propagators, which means The vertices for σψψ and ω µ ψψ are ig σ and ig ω γ µ , respectively. This is quite different from the usual Hartree-Fock approximation in the CJT formalism. The vacuum graphs here are two-particle irreducible only for the full nucleon propagators. We call this approximation the Hartree approximation. As a result, the thermodynamic potential (11) is reduced to The analytic expression of
(15) One should notice that the bare meson propagators in Ω 2 (G, ∆, D) are treated as
From the stationary condition (12) -only for the full nucleon propagator -one can derive the gap equation of the nucleon propagator
(17) The above equation is also represented pictorially in Fig. 2 . To solve this gap equation, we take the following ansatz of the full nucleon propagator
where Σ is the proper nucleon self-energy which will be determined by Eq. (17). As in our approximation, the self-energy is momentum independent, and its form can be written as Σ = Σ s − γ 0 Σ 0 .
Substituting Eqs. (18) and (19) into Eq. (17) and comparing the two sides of the equation, we can obtain the following equations Σ s = − g self-consistent way, though the calculations will be quite involved. Therefore, the CJT resummation scheme can be viewed as a non-perturbative method which can deal with a strong interacting system like nuclear matter, and the calculations can go beyond the MFT.
